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1 In a previous study, we demonstrated that a dextromethorphan analog, dimemorfan, has
neuroprotective effects.

2 Dextromethorphan and dimemorfan are high-affinity ligands at o, receptors. Dextromethorphan
has moderate affinities for phencyclidine sites, while dimemorfan has very low affinities for such sites,
suggesting that these sites are not essential for the anticonvulsant actions of dimemorfan.

3 Kainate (KA) administration (10mgkg~", i.p.) produced robust convulsions lasting 4-6h in rats.
Pre-treatment with dimemorfan (12 or 24mgkg ") reduced seizures in a dose-dependent manner.
Dimemorfan pre-treatment also attenuated the KA-induced increases in c-fos/c-jun expression,
activator protein (AP)-1 DNA-binding activity, and loss of cells in the CA1 and CA3 fields of the
hippocampus. These effects of dimemorfan were comparable to those of dextromethorphan.

4 The anticonvulsant action of dextromethorphan or dimemorfan was significantly counteracted
by a selective o, receptor antagonist BD 1047, suggesting that the anticonvulsant action of
dextromethorphan or dimemorfan is, at least in part, related to o; receptor-activated modulation of
AP-1 transcription factors.

5 We asked whether dimemorfan produces the behavioral side effects seen with dextromethorphan
or dextrorphan (a phencyclidine-like metabolite of dextromethorphan). Conditioned place preference
and circling behaviors were significantly increased in mice treated with phencyclidine, dextrorphan or
dextromethorphan, while mice treated with dimemorfan showed no behavioral side effects.

6 Our results suggest that dimemorfan is equipotent to dextromethorphan in preventing KA-induced
seizures, while it may lack behavioral effects, such as psychotomimetic reactions.
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Introduction

Dextromethorphan  (DM;  3-methoxy-17-methylmorphinan) (Holtzman, 1994; Cranston & Yoast, 1999; Price & Lebel, 2000)

is a non-narcotic morphinan derivative widely used as an
antitussive for almost 40 years. It has attracted attention due to
its anticonvulsant and neuroprotective properties (Tortella &
Musacchio, 1986; Choi, 1987; Ferkany et al., 1988; Loscher &
Honack, 1993; Tortella ez al., 1994; Kim et al., 1996; 2001a;
2003a; Yin & Sun, 1999; Liu et al., 2003; Shin et al., 2004b).
However, case reports of toxicity in children (Rammer et al.,
1988) and phencyclidine (PCP)-like psychotomimetic reactions
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associated with high-dose DM ingestion are likely attributable to
dextrorphan (DX; a major metabolite of DM), as is the reported
abuse potential in adolescent youths (Noonan ef al., 2000).
Therefore, a DM analog that retained its anticonvulsant and
neuroprotective activities without being converted into DX in
vivo would be highly useful (Tortella e al., 1989; 1994; Chou
et al., 1999; Kim et al., 2001b; 2003a, b).

The DM analog dimemorfan (DF; 3-methyl-17-methylmor-
phinan) has been recognized as an antitussive since 1976 (Kasé
et al., 1976), with an efficacy that is about equal to that of DM
(Chou et al., 1999; Shin et al., 2004b). Like DM, the potent
anticonvulsant activity of DF has been observed in the
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maximal electroshock tests (Chou et al., 1999) and in seizures
induced by L-type calcium channel activator BAY k-8644
(Shin et al., 2004b). Since DF has an established safety record
in humans at antitussive doses, and it is not metabolized to the
PCP-like compound DX (Ida, 1997), the anticonvulsant and
neuroprotective properties of this promising compound
deserve further study.

DM-binding sites may represent the functional receptors
responsible for mediating the anticonvulsant effects and those
of other nonopioid antitussives (Tortella ez al., 1989). The sites
in the brain to which radiolabelled DM binds with high
affinity show striking similarities in binding characteristics and
regional distribution to ¢, receptors (Tortella et al., 1989).

Kainate (KA)-induced neuronal brain damage is similar to
that seen in temporal lobe epilepsy of humans (Ben-Ari, 1985).
It is well known that various stimuli to neuronal circuits,
including epileptic seizures, lead to a specific pattern of
increase in the expression in the limbic system of immediate-
early genes such as c-fos, c-jun, c-myc or zif/268 (Morgan &
Curran, 1991; Pennypacker et al., 1995). c-fos and c-jun are a
family of inducible transcription factors (Morgan & Curran,
1991; Pennypacker et al., 1995). This complex recognizes
activator protein (AP)-1 DNA response elements in the
promotor regions of target genes to regulate gene transcrip-
tion. Lesions that produce seizure activity can also induce the
expression of AP-1 transcription factors; systemic administra-
tion of KA also induces ¢-fos and c-jun in the brain (Morgan &
Curran, 1991; Pennypacker et al., 1995).

In the present study, we evaluated whether PCP-like
behavioral effects (Noda et al., 1995; Kim et al., 2001b;
2003b) can occur after treatment with morphinans (DM, DX
and DF), and examined the effects of DM and DF on seizures
induced by KA. Simultaneously, we examined the effects of
DM and DF on KA-induced increases in c-fos and c-jun
mRNA levels, c-Fos and c-Jun protein levels, and AP-1 DNA-
binding activity in the rat hippocampus. Since the antic-
onvulsant/neuroprotective action of the morphinans may be
related to ¢ receptor modulation (Tortella et al., 1989; Chou
et al., 1999; Kim et al., 2003b; Wang et al., 2003), we assessed
the role of ¢ receptors in the pharmacological action of DM
and DF.

Methods
Treatment of animals and preparation of samples

All animals were treated in strict accordance with the NIH
Guide for the Humane Care and Use of Laboratory Animals
(NIH Guide for the Humane Care and Use of Laboratory
Animals, NIH Publication No. 85-23, 1985). In our pre-
liminary study, we observed that mice are more sensitive to the
behavioral effects induced by morphinans than are rats, while
rats are more sensitive to the seizure behaviors induced by KA
than are mice (Kim et al., 1998; 2003b; Park et al., 2002; Shin
et al., 2004b). Both species were therefore used in the present
study.

Male C57 BL/6 mice (in total, 135 mice were used for
evaluating locomotor activity and conditioned place prefer-
ence (CPP); Bio Genomics, Inc., Charles River Technology,
Gapyung-Gun, Gyeonggi-Do, Korea) weighing about 27+3¢g
and male Sprague-Dawley rats (in total, 600 rats were used for

KA study; Bio Genomics, Inc., Charles River Technology,
Gapyung-Gun, Gyeonggi-Do, Korea) weighing about 250 ¢g
were maintained on a 12:12h light:dark cycle and fed ad
libitum. They were adapted for 2 weeks to the above conditions
before experiment. Rats that did not express seizures after KA
treatment, with or without any additional drug treatment,
were excluded from biochemical and histological measure-
ments. Therefore, 290 rats were used for biochemical and
histological measurements.

Injection of DF phosphate (Park et al., 2002; Shin et al.,
2004b) or DM hydrobromide (12 or 24mgkg™!, s.c.) (Kim
et al., 1996; 2001b; 2003b) occurred 30min prior to KA
administration. A DM or DF concentration of 12mgkg~" was
chosen as the minimal anticonvulsant dose against KA-
induced seizures in rats (Kim et al., 1996; Park et al., 2002;
Shin et al., 2004b). Rats were killed at 12h (for biochemical
study) or 72h (for histological evaluation) after KA
(10mgkg™', i.p.) injection. Control rats received the same
volume of saline.

BD 1047 is an antagonist of both ¢, and ¢, receptor (Bowen
et al., 1989; 1993; Matsumoto et al., 1995; McCracken et al.,
1999), although BD 1047 has a 51-fold greater affinity for
o,-binding-sites than for o, sites (Matsumoto et al., 1995).
Ifenprodil is selective for g-binding sites at 37°C (Hashimoto &
London, 1993; Hashimoto et al., 1994), while it is selective for
N-methyl-D-aspartate (NMDA)-polyamine site at 4°C in the
rat brain (Hashimoto et al., 1994), although ifenprodil binds to
several other sites, such as the dopamine transporter (Witkin &
Acri, 1995), alpha-adrenergic receptors (Kurihara et al., 1993)
and delta-8,7-isomerase protein (Moebius et al., 1998). As no
highly selective ¢, and o, receptor antagonists are available, we
used BD 1047 as a selective o, receptor antagonist (Matsumoto
et al., 1995; McCracken et al., 1999; Kim et al., 2001c) and
ifenprodil as a nonspecific g, receptor antagonist (Hashimoto
& London, 1993; 1995; Hashimoto ef al., 1994) in this study.
BD 1047 dihydrobromide (1 or 2mgkg™', i.p.) (McCracken
et al., 1999; Kim et al., 2001c) or ifenprodil (5 or 10mgkg™",
i.p.) (Gotti et al., 1990; Bath et al., 1996) was administered
15 min before KA.

Radioligand binding

o and PCP receptor-binding experiments were performed on
male Sprague—Dawley rat brain membranes and were modified
from those employed by Calderon et al. (1994). The dissocia-
tion constant (Kg, nM) and the density of receptor sites (Buax,
fmolmg~' protein~') values for the radio ligands used in
this study were as follows: o, receptor ([PH](+ )-N-allyl-
normetazocine ((+)-SKF10047), 49.2 Cimmol™"), K;=20+2,
B..x=315+9); o, receptor (([*H]1,3-di(2-tolyl)guanidine
(DTG), 35Cimmol™"), Ky=25+1, Bpn.=792+45); PCP
receptor  (([*H]1-[1-(2-thienyl)-cyclohexyl]piperidine  (TCP),
57.6Cimmol "), Ky=2141, B,..=1071+52). The K; and
Binax values of these radioligands were comparable with
previous reports (Calderon et al., 1994; McCann et al.,
1994). In competition experiments, various concentrations
of test drugs were added with a fixed concentration of the
radioligand for receptor binding (5nM [*PH](+)-SKF10047,
7nM [PH]DTG, 5nM [PH]TCP). Binding data were analyzed
using the GraFit program (Erithacus Software Ltd) (Chou
et al., 1999).
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Seizure activity

Using the automated video-tracking system (Noldus Informa-
tion Technology, Wageningen, Netherlands), seizure activity
was evaluated after KA administration. The seizure activity
was rated during a 6-h period following the KA challenge
in rats by investigators blind to the treatment the animals
received, according to the scale devised by Racine (1972): stage
1, facial clonus; stage 2, nodding; stage 3, forelimb clonus;
stage 4, forelimb clonus with rearing; stage 5, rearing, jumping
and falling. Seizure stages were scored only when rats showed
more than three consecutive seizures at a given stage.

Isolation of RNA and proteins

Total cellular RNAs and proteins were extracted from rat
hippocampi using a rapid guanidine thiocyanate-water satu-
rated phenol/chloroform extraction and subsequent precipita-
tion with acidic sodium acetate (Chomcznski & Sacchi, 1987).
Total cellular RNAs in the aqueous phase were precipitated
with cold isopropyl alcohol. Isolated RNA samples were
subjected to spectrophotometric analysis at 260 and 280 nm.
The separated organic layer was extracted 2 x with an equal
volume of sterile Millipore water and proteins were precipi-
tated by adding 2 v of absolute ethanol to the water-extracted
organic phase. The protein pellets were washed 2 x with cold
absolute ethanol and dried. The dried pellets were dissolved in
a denaturing buffer (6 M guanidium chloride, 20 mM Tris—HCl
(pH 8.0) and 1 mM EDTA). The protein samples were dialyzed
against a renaturing buffer (20 mM Tris—HCl (pH 8.0), 100 mM
NaCl, 1 mM EDTA, 5mM dithiothreitol, 5mM MgCl,, 0.4 mM
phenylmethylsulfonyl fluoride and 20% glycerol) at 4°C. The
concentration of protein was determined with the Coomasie
blue protein assay reagent using bovine serum albumin as a
standard.

Non-isotope Northern blot hybridization analysis

Total RNA was (10 ug) were denatured and electrophoresed
on 1% agarose-formaldehyde gels (Kopchik et al., 1981) and
transferred to nylon hybond-N hybridization membrane
sheets. After baking for 1-2h at 80°C, the membranes were
pre-hybridized at 68°C for at least 1h in prehybridization
buffer (5 x SSC, 50% formamide, 0.02% SDS, 0.1% sodium
N-lauroyl sarcosine, 2% blocking agent). The DIG-labelled
c-fos and c-jun probes were added to pre-hybridization buffer
containing 50% formamide. The membranes were incubated
overnight at 68°C in shaking water bath and washed 2 x for
10 min per wash in 2 x wash solution (0.1 x SSC, 0.1% SDS)
at room temperature. Then, the membranes were washed 2 x
for 15min per wash in 0.1 x wash solution (0.1 x SSC, 0.1%
SDS). After equilibrating in buffer I (100mM maleic acid,
150 mM NaCl (pH 7.5)) for 1 min, the membranes were gently
agitated in buffer IT (1% blocking agent in buffer I) for
30-60 min. The membranes were hybridized with the diluted
anti-DIG-alkaline phosphatase (1:10,000 (75 mUml™")) in a
buffer IT for 30 min. After washing 2 x for 15 min per wash in
0.3% Tween-20 (in buffer I), the membranes were equilibrated
in buffer I1I (100 mM Tris—HCI (pH 9.5), 100 mM NaCl, 50 mM
MgCL,) for 2min. Lumi-phos TM 530 (~0.5ml 100 cm?) was
spread over the surface of membrane. After incubation at 37°C
for 15-20 min, the membranes were exposed to Hyperfilm-MP

for detection of the chemi-luminiscent signal. For re-hybridi-
zation, blots were washed for 20 min at room temperature in
sterile Millipore water, then further washed overnight at 65°C
in 50mM Tris—-HCI (pH 8.0), 50% dimethylsulfonamide and
1% SDS to remove the hybridized probe and re-hybridized to
Dig-labelled rat glyceraldehyde phosphate dehydrogenase
(GAPDH) cRNA probe. The cRNA probes for c-fos (Curran
et al., 1987), c-jun (Boham et al., 1987) and GAPDH (Fort
et al., 1985) were synthesized in vitro from linearized
expression vector using DIG-UTP, as suggested by the
manufacturer (Boehringer Mannheim, Germany).

Western immunoblot analysis

Total cellular proteins (50 ug) were separated on 12% sodium
dodecyl sulfate—polyacrylamide gel, transferred onto nitrocel-
lulose membranes and the resulting blot was blocked in PBS
containing 3% skim milk for 30 min. Each blot was incubated
overnight at 4°C with the antibody against c-Fos or c-Jun at a
1:1000 dilution, respectively. After washing in PBS, mem-
branes were incubated with a biotinylated goat anti-rabbit
antibody for 1h, followed by incubation in avidin-biotin
conjugated with horseradish peroxidase at room temperature.
The blots were then incubated in an enhanced chemilumines-
cence (ECL) reagent, placed against Amersham hyperfilm and
developed after a 2-min exposure. Relative intensities of the
bands were quantitated by laser densitometry.

Nonisotope electrophoretic mobility shift assay

Annealing was achieved by incubating an equal molar
concentration of each single-stranded oligo in 10mM Tris—
HCI (pH 8.0), 1mM EDTA and 200mM NaCl for 10 min at
95°C for 10min, and then the mixture was allowed to cool
to room temperature gradually. The AP-1 oligomer (22-mer;
5-CTAGTGATGAGTCAGCCGGATC-3') contained the
consensus sequence (5-TGAGTCA-3'). Nuclear extracts for
the AP-1 DNA-binding assay were prepared from hippocampi
from each animal. Binding reactions were performed at room
temperature for 15min and reaction mixtures contained 50 ug
of nuclear protein, 20 mM HEPES (pH 7.6), 30 mM KCI, 5mM
MgCl,, 1mM EDTA, 1mM dithiothreitol, 0.2% Tween-20,
50ngml~" of poly(DI-dC) and ~0.3 pmol of specified probe
labelled with DIG-ddUTP by terminal transferase. Protein
DNA complexes were separated on a 5% nondenaturing
polyacrylamide gel. Gels were run at room temperature in
89mM Tris (pH 8.3), 89 mM boric acid, 2mM EDTA at a
constant voltage (8 Vem™') and electroblotted onto positive
charged nylon membrane. The membranes were baked in 80°C
for 15min, washed with 0.3% Tween-20 in buffer I and
hybridized with the diluted anti-DIG-alkaline phosphatase
(1:10,000 (75mU ml™")) in buffer II for 30 min after washing
2 x for 15min with Tween-20 (in buffer I), the membranes
were equilibrated in a buffer III (100 mM Tris—HCI (pH 9.5),
100mM NaCl, 50mM MgCl,) for 2min. The method of
chemiluminescent detection was identical with the method
used for nonisotope Northern hybridization analysis (Won
et al., 1997). The relative intensities of the bands were
quantified by laser densitometry (Kim ez al., 1999; 2001b;
2003a).

British Journal of Pharmacology vol 144 (7)
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Histology

The rats from each group were anesthetized with 50 mgkg™" of
pentobarbital and perfused transcardially with a 140ml
syringe containing saline (40ml 100g~!, b.w.) followed by
4% paraformaldehyde (70ml 100 g~', b.w). The brains were
removed and then cut at 40 um in the horizontal plane with a
sliding microtome. The cresyl-violet stain was used to examine
the degenerating neurons. The sections containing the dorsal
hippocampus were stained with cresyl-violet in order to
examine the degenerating neurons in the stratum pyramidale
of the CAl and CA3 regions. The neuronal density was
evaluated by an image analysis system with polaroid micro-
scopic camera (Optima version 6.2) (Kim ez al., 1999; 2001a).

Conditioned place preference (CPP)

As a control, C57 BL/6 mice received an i.p. injection of saline
just before entering the white or black compartment. Each
compound (24 or 36 mgkg™', i.p.) dissolved in saline (0.1 ml
10g™") was administered immediately before the mice were
placed in the white compartment. On day 1, the mice were pre-
exposed to the test apparatus for Smin. The guillotine doors
were raised and the mice were allowed to move freely between
the two compartments. On day 2, the time each mouse spent in
each compartment was recorded for 15min. On days 3, 5, 7, 9,
11 and 13, the mice were injected with each drug before being
confined to the white compartment, the nonpreferred side, for
40 min. On days 4, 6, 8, 10 and 12, the mice were injected with
saline before being confined to the black compartment, the
preferred side, for 40 min. On day 14, the guillotine doors were
raised. The mice were initially placed in the tunnel and the time
spent by the mice in the two compartments was recorded for
15min. The scores were calculated from the differences in the
time spent in the white compartment in the testing and pre-
testing phases (Jhoo et al., 2000; Kim et al., 2003b). Data were
analyzed between 09:00 and 17:00 h.

Circling behaviors

C57 BL/6 mice received each compound (seventh drug
challenge) 1 day after CPP paradigm (sixth drug challenge).
At 10 min after the last treatment with each drug, the ‘absolute
turn angular (the sum of absolute angles between the move-
ment vectors of two consecutive sample intervals)’ was
analyzed in a 30 min monitoring period using an automated
video-tracking system (Noldus Information Technology,
Wagenin, The Netherlands) to examine circling behaviors
(i.e. marginal activities). Locomotor facilitation at the borders
(margins) of the test box was defined as circling behaviors (or
marginal activities) (Jhoo ez al., 2000; Kim ez al., 2001b;
2003b). Eight test boxes (40 x 40 x 30 cm® high) were operated
simultaneously by an IBM computer. Animals were studied
individually during locomotion in each test box, where they
were adapted for 10min before starting the experiment. A
printout for each session showed the pattern of the ambulatory
movements of the test box. The distance travelled in cm by the
animals in horizontal locomotor activity was analyzed (Jhoo
et al., 2000; Kim et al., 2001b; 2003b). Data were collected and
analyzed between 09:00 and 17:00 h.

Drugs, solutions and reagents

All solutions were freshly made using distilled deionized water
or saline. KA and DM hydrobromide were obtained from
Sigma Chemical Co. (St Louis, MO, U.S.A.). DF phosphate
was synthesized (Park et al., 2002; Shin et al., 2004b) according
to the method of Murakami et al. (1972). BD 1047
dihydrobromide and ifenprodil were purchased from Tocris
Cookson Ltd, (Bristol, U.K.). KA was injected by i.p. in a
dosage of 10 mgml~'kg~". The other drugs were administered
in a volume of 0.1 ml 10g~!. The chemical structures of the
morphinans are shown in Figure 1.

Coomasie blue protein assay reagent and ECL reagent were
purchased from Pierce Chemical (Rockford, IL, U.S.A.).
Antibodies against c-Fos and c-Jun were supplied by Santa
Cruz Biotech. Inc. (Santa Cruz, CA, U.S.A.). AP-1 oligomer
was obtained from Stratagene (La Jolla, CA, U.S.A.).

Statistics

Statistical analyses were performed using the y* test for
convulsing or mortality, and a nonparametric Wilcoxon signed
rank test for seizure latency or seizure score (as the seizure
latency or seizure score did not satisfy the assumption of the
parametric approach, an ordered nonparametric approach was
utilized) (Shin et al., 2004a). The significance of differences in
the CPP or circling behavior was assessed using the ANOVA
with Duncan’s new multiple (DMR) test. Differences in the
biochemical and histological studies were compared by
Student’s r-test. A significant level of less than 0.05 was
accepted for comparisons.

Results

Dimemorfan is a selective o, ligand with very low affinity
to phencyclidine sites

The affinities of different compounds to o¢,, ¢, and PCP
receptors are shown in Table 1. The K; values of reference
compounds concurred with previous investigations (Calderon
et al., 1994; McCann et al., 1994). DF, DM and DX exhibited
high affinity and selectivity at o, over o, receptors and showed
approximately equipotent potency at the o, receptor (K; range
0.1-0.2 uM). However, among these three drugs, DX has the

NCH, NCH, NCH3
OCHs OH CHs
Dextromethorphan Dextrorphan Dimemorfan
(3-methoxy-17- (3-hydroxy-17- (3methyl-N-
methylmorphinan, methylmorphinan, methylmorphinan,
DM) DX) DF)

Figure 1 Chemical structures of dextrorotatory morphinan ana-
logs.
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Table 1 The K; values of drugs for o,, g, and
phencyclidine (PCP) receptors in rat brain membranes

Compound Receptor

o, (nM) G, (nM) PCP (nM)
DF 151+17 44214277 16,978 +488
DM 205+42 11,060+ 1320 72534302
DX 144 +37 11,325+ 1395 906+77
(+)-SKF10047 45+7 13,694 +4989 587+108
Haloperidol 13+4 148 +31 63,951 +3858
MKS801 33,756 +£ 1999 51,111+7630 8.2+1.6
TCP ND ND 36.3+0.2

The data are shown as mean+s.e.m. of K values from three
to four.experiments with duplicate determinations. ND, not
determined (reproduced from Chou er al. (1999) with
permission).

highest affinity (K;=0.9 uM), followed by DM (K;=7.3 uM),
and DF was with the lowest affinity (K;=17.0 uM) to PCP
sites. DF, DM and DX showed 113-, 35- and six-fold affinity
for g, vs PCP sites, respectively. These results revealed that DF
is a selective o, ligand with very low affinity to PCP sites. As
the method used to determine the o,-binding data was carried
out without a (+)-benzomorphan to mask o, binding, it
reflects binding to ¢, and o, receptors combined. Therefore,
the g, K; values given in Table 1 are actually composite a,/0,
values. This means that the ¢,/0, selectivity of the compounds
is underestimated.

The attenuation by dextromethorphan or dimemorfan
of KA-induced seizures is mediated via G, receptor
activation in rats

Rats pretreated with saline and given 10mgkg™' of KA
showed robust behavioral seizures (seizure score: 3.1+0.3)
lasting 5-6 h; clonic seizures were seen 68.8 +7.3 min after KA
administration. In all, 33 of the 40 rats (82.5%) exhibited
seizures, and 18 of the 40 rats (45%) died within 72h of KA
injection. Neither BD 1047 nor ifenprodil alone significantly
affected KA-induced seizures and mortality. By contrast, DM
or DF pre-treatment significantly protected against the con-
vulsive behavior. Seizure latency was increased in the presence
of a high dose of DM or DF (KA vs 24mgkg™' DM +KA,
P<0.02; KA vs 24mgkg~! DF 4+ KA, P<0.005; nonparametric
Wilcoxon signed rank test), as was mortality induced by KA
(KA vs 24mgkg™' DM+KA, P<0.05; KA vs 24mgkg™"
DF + KA, P<0.002; 4 test). Seizure severity was decreased in a
dose-dependent manner by treatment with DM or DX (KA vs
12 or 24mgkg ' DM +KA, P<0.05 or P<0.005; KA vs 12 or
24mgkg™! DF+KA, P<0.05 or P<0.005; nonparametric
Wilcoxon signed rank test). The anticonvulsant effect of DM is
equipotent to that of DF. Pre-treatment with BD 1047 (1 or
2mgkg™"), but not ifenprodil (5 or 10mgkg™"), dose-depen-
dently counteracted neuroprotection by DM (24 mgkg™") or DF
(24mgkg™") against KA insult (Figure 2).

The attenuation by dextromethorphan or dimemorfan
of KA-induced hippocampal increases in c-fos and c-jun
mRNA levels and protein levels is mediated via G,
receptors

c-fos and c-jun mRNA levels were significantly increased
(P<0.01 and P<0.01, respectively) 12h after KA treatment.
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Figure 2 Effects of BD 1047 (BD) or ifenprodil (Ifen) on the
attenuation of DM and DF against KA-induced toxic behavioral
signs in rats. The convulsions were induced with KA (10mgkg™',
i.p.). C=number convulsing (the number of convulsing animals/
total numbers of animals receiving each treatment). M = mortality
(the number of dead animals/total number of animals receiving each
treatment). Sal =saline treatment. Each dose (mgkg™') in each
group is in parenthesis. Either seizure behavior or number of
convulsing animals was scored for 4h after KA administration.
Mortality was observed for 72 h after KA injection. Animals without
KA exposure did not express any toxic behavior. Each value is the
mean +s.e.m. of 40 animals. The statistical significance of the seizure
latency (a) or seizure score (b) was calculated using the nonpara-
metric Wilcoxon signed rank test. The statistical analysis of the
number convulsing or mortality (c) was calculated using the i test.
*P<0.05, **P<0.02, "P<0.005 vs Sal+Sal+KA, #P<0.05,
#P<0.01, P<0.01, ¥P<0.0001 vs either DM or DF + KA.

Treatment with saline, DM, or DF showed very little
inductions of ¢-fos and c-jun mRNA levels. Neither BD 1047
nor ifenprodil alone was effective on the hippocampal
increases in c¢-fos and c-jun mRNA induced by KA. DM or
DF caused significant, dose-dependent attenuation of KA-
induced increases in c-fos (KA vs 12 or 24 mgkg™' DM + KA,
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P<0.01 or P<0.01; KA vs 12 or 24mgkg™' DF+KA,
P<0.01 or P<0.01) and c-jun (KA vs 12 or 24mgkg™"
DM +KA, P<0.05 or P<0.01; KA vs 12 or 24mgkg™'
DF + KA, P<0.05 or P<0.01). Again, DF appeared to be
equipotent to DM. Pre-treatment with BD 1047 (1 or
2mgkg™"), but not ifenprodil (5 or 10mgkg™'), dose-
dependently counteracted the attenuation due to 24mgkg~'
DM or DF (c-fos: DM+KA vs 1 or 2mgkg™' BD
1047+ DM + KA, P<0.01 or P<0.0l; DF+KA vs | or
2mgkg™' BD 1047 +DF + KA, P<0.05 or P<0.01; c-jun:
DM +KA vs 1 or 2mgkg™"' BD 1047+ DM + KA, P<0.05 or
P<0.05; DF+KA vs 1 or 2mgkg™' BD 1047 +DF + KA,
P<0.05 or P<0.05; Student’s t-test). c-fos mRNA expression
in the presence of a selective g, receptor antagonist appeared
to be more pronounced than did c-jun expression (Figure 3a).

Fos and Jun protein levels were also increased at 12h after
KA treatment (P<0.01 and P<0.01, respectively). Negligible
induction was observed in the absence of KA. Neither BD
1047 nor ifenprodil altered the increases in the c-Fos and c-Jun
protein expression following KA administration. DM or DF
attenuation of KA-induced increases in protein expression

a

.

w

Reative intensity
(c-fos/c-jun mRNﬁfGAPDH mRNA)

were significant and dose-dependent (c-Fos: KA vs 12 or
24mgkg™' DM+KA, P<0.05 or P<0.01; KA vs 12
or 24mgkg™' DF+KA, P<0.05 or P<0.01; c-Jun: KA vs
12 or 24mgkg~' DM + KA, P<0.05 or P<0.01; KA vs 12 or
24mgkg~! DF+KA, P<0.05 or P<0.01). The attenuating
effects of DF were comparable to those of DM. Pretreatment
with BD 1047 (1 or 2mgkg™"), but not ifenprodil (5 or
10mgkg™"), dose-dependently reversed attenuation (c-Fos:
DM +KA vs 1 or 2mgkg™" BD 1047+ DM + KA, P<0.05 or
P<0.01; DF+KA vs 1 or 2mgkg™' BD 1047+ DF + KA,
P<0.05 or P<0.01; c-Jun: DM +KA vs 1 or 2mgkg™' BD
1047+ DM + KA, P<0.05 or P<0.0l; DF+KA vs | or
2mgkg™' BD 1047 + DF + KA, P<0.05 or P<0.01; Student’s
t-test) (Figure 3b).

The attenuation by dextromethorphan or dimemorfan of
KA-induced hippocampal increases in AP-1 DN A-binding
activity is mediated via G, receptors

Treatment with saline, DM or DF produced very little
induction of AP-1 DNA-binding activity in the rat hippo-
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Figure 3 Effects of BD 1074 (BD) or ifenprodil (Ifen) on the attenuation by DM and DF of KA-induced increases in the
expression of ¢-fos and c-jun mRNA (a) and c-Fos and c-Jun protein (b) in the rat hippocampus. In all, 10 ug of total RNA was used
for determination of c-fos and c-jun mRNA levels (a). Total cellular proteins (50 pg) in each group were used for determination of
proto-onco-protein levels using Western blot analysis. Polyclonal antibodies against c-Fos and c-Jun were used at a 1 : 1000 dilution.
The 62- and 39-kDa bands indicate the c-Fos and c-Jun proteins (b). Specific signals were measured with laser densitometry. Each

value is the mean+five animals. *P<0.01 vs Saline + Saline + Saline, *P<0.05, #P<0.01 vs Saline + Saline + KA,

1P <0.01 vs either DM 24 or DF 24 + KA (Student’s t-test).

P<0.05,
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campus. Although binding activity was significantly induced
(P<0.01) at 12 h after KA, this increase did not change in the
presence of BD 1047 or ifenprodil. DF and DM were
equipotent attenuators of this enhancement in AP-1 DNA-
binding activity (KA vs 12 or 24mgkg™' DM +KA, P<0.05
or P<0.01; KA vs 12 or 24mgkg™" DF+KA, P<0.05 or
P<0.01). Pretreatment with BD 1047 (1 or 2mgkg™") dose-
dependently reversed attenuation by 24mgkg™' DM or DF
(DM +KA vs 1 or 2mgkg™" BD 1047+ DM + KA, P<0.05
or P<0.01; DF+KA vs 1 or 2mgkg~' BD 1047 + DF + KA,
P<0.05 or P<0.01; Student’s ¢-test). Ifenprodil did not affect
the attenuation provided by DM or DF (Figure 4).

Attenuation by dextromethorphan or dimemorfan of
KA-induced neuronal loss is mediated via o, receptors

The neuronal layers of the hippocampus in the saline, DM,
DF, BD 1047 and ifenprodil groups were clearly visible with
cresyl-violet staining, indicating that the pyramidal neurons
and the granule cells of the dentate gyrus remained intact.
Significant neuronal loss in regions CAl and CA3 was
observed at 72h after KA injection. This neuronal loss was
not altered by the treatment with BD 1047 or ifenprodil.
However, pre-treatment with DM or DF significantly blocked
this loss. BD 1047 (2 mgkg™!) reversed attenuation afforded by
DM or DF (both CA1 and CA3: Saline + Saline + Saline vs
Saline + Saline + KA, P<0.01; Saline + Saline + KA vs Sali-
ne+ DM or DF + KA, P<0.01 or P<0.01; Saline + DM or
DF + KA vs BD 1047 2mgkg™") + DM or DF + KA, P<0.01
or P<0.01; Student’s ¢-test). Again, ifenprodil had no effect on
the attenuation mediated by DM or DF (Figure 5).

Dimemorfan does not produce selectively CPP
and circling behaviors in mice

No CPP effects were observed in saline-treated animals. DM
treatment produced CPP (DM 24 or 36 mgkg™' vs Saline,
F(1,28)=9.30, P<0.01 or F (1,28)=11.42, P<0.001), as
did treatment with DX (DX 24 or 36mgkg™' vs Saline,
F (1,28)=12.92, P<0.001 or F (1,28)=14.07, P<0.001). The

most significant CPP followed treatment with PCP (PCP 2.5
or 5mgkg™' vs Saline, F (1,28)=14.22, P<0.001 or
F (1,28)=16.30, P<0.001). In contrast, DF-treated animals
did not show selective CPP effects. DF-treated animals
exhibited significantly fewer CPP effects than seen in DM-
or DX-treated animals (DF 24mgkg™' vs DM 24mgkg™" or
DX 24mgkg"', F(1,28)=15.15, P<0.001 or F (1,28) = 16.18,
P<0.001; DF 36mgkg™' vs DM or DX 36mgkg™',
F (1,28)=28.79, P<0.01 or F (1,28)=7.84, P<0.01; ANOVA
with DMR test)- (Figure 6a).

Saline-treated animals exhibited basal circling activity as
we demonstrated previously (Kim et al., 2003b; Kwon et al.,
2004). The repeated administration of DX or DM significantly
increased circling behavior (DX 24 or 36 mgkg™' vs Saline,
F (1,28)=6.27, P<0.01 or F (1,28)=19.54, P<0.001; DM
36mgkg" vs Saline, F (1,28)=8.59, P<0.01). This effect
appeared to be more pronounced in the animals treated with
DX than in those treated with DM (DX 36mgkg™" vs DM
36mgkg~", F (1,28)=6.35, P<0.01). The circling behavior
induced by DX was comparable to that of PCP [2.5 or
50mgkg™" vs Saline, F (1,28)=30.20, P<0.0001 or
F (1,28)=45.27, P<0.0001). Circling behavior following
treatment with DF was similar to that seen with saline. In
addition, there was less circling behavior after DF treatment
than after DX treatment (DF 36 mgkg' vs DX 36mgkg!,
F(1,28)=10.80, P<0.01; ANOVA with DMR test) (Figure 6b).

Discussion

In this study, we showed that DF and DM are selective o,
ligands, with very low affinities for NMDA-linked PCP sites.
This also suggests that PCP sites are not required for the
anticonvulsant effects of this morphinan (Chou ez al., 1999).
Indeed, at least one of the high-affinity DM-binding sites is
identical to the o, site (Walker et al., 1990; Rothman et al.,
1991; Zhou & Musacchio, 1991). We speculate that the
anticonvulsant activity of DM or DF is related to the ability
to bind to such sites.
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Figure 4 Effects of BD 1074 (BD) or ifenprodil (Ifen) on the attenuation by DM and DF of KA-induced increases in the AP-1
DNA-binding activity in rat hippocampus. Each value is the mean+s.e.m. of five animals. AP-1 oligomer (22-mer; 5'-
CTAGTGATGAGTCAGCCGGATC-3) contains the consensus sequence (5-TGAGTCA-3"). *P<0.01 vs Saline + Saline
+ Saline, #*P<0.05, 7 P<0.01 vs Saline + Saline + KA, TP <0.05, *P<0.01 vs either DM 24 or DF 24 + KA (Student’s t-test).
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Figure 5 Representative photomicrographs of cresyl-violet-stained sections at 3 days after KA treatment. Rats treated with saline
(a), DM, DF, BD 1047 (BD), ifenprodil (Ifen), DM + BD, DM + Ifen, DF + BD or DF + Ifen had clearly visible neuronal layers in
the hippocampus after cresyl-violet staining. KA-induced neuronal damage was very severe; cresyl-violet did not clearly stain areas
of coagulation necrosis in regions CA1 and CA3 (b). Neither BD (c) nor Ifen (d) did affect KA-induced neuronal degeneration. Pre-
treatment with DM significantly reduced KA-induced neuronal loss (e). BD blocked neuroprotection seen with DM (f). By contrast,
Ifen did not affect the protective effects of DM against the KA-induced loss of neurons (g). DF significantly attenuated the loss of
pyramidal cells induced by KA (h). As seen with DM, BD reversed the DF-mediated neuroprotection (i). This counteraction was not
observed in the presence of Ifen (j). Each value is the mean +s.e.m. of five animals. *P<0.01 vs Saline + Saline + Saline, #P<0.01 vs
Saline + Saline + KA, "P<0.01 vs either Saline + DM + KA or Saline + DF + KA. Scale bar = 500 um.
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Figure 6 Changes in CPP profile (a) and circling behavior (b)
following repeated administration of PCP or morphinans (DM, DX
and DF). DM =dextromethorphan, DX =dextrorphan, DF =
dimemorfan. Each value is the mean+s.e.m. of 15 animals.
*P<0.01, **P<0.001, #P<0.0001 vs Saline, #P<0.01 vs corre-
sponding DX or DM, "P<0.01 vs DX 36 mgkg~" or either dose (2.5
or 5mgkg~") of PCP (ANOVA with DMR test).

Fos-like proteins dimerize with Jun-like proteins and the
resultant complex recognizes AP-1 DNA-binding elements to
regulate gene transcription (Morgan & Curran, 1991; Penny-
packer et al., 1995). AP-1 DNA-binding activity generally
increases in parallel with the levels of AP-1 transcription
factors and increases are correlated with generalized seizure
activity (Morgan & Curran, 1991; Pennypacker et al., 1995;
Bing et al., 1997; Kim et al., 1999). DM and DF dose-
dependently attenuated KA-induced increases in AP-1 tran-
scription factors at the level of mRNA and protein, and
reduced pyramidal cell loss in the hippocampus. These effects
were blocked by the selective o, receptor antagonist, BD 1047,
but not by ifenprodil. Therefore, DM or DF administration
might influence, via o, receptors, target gene expression (via
AP-1) and neurotoxicity.

Interestingly, other high-affinity anticonvulsant dextro-
methorphan ligands such as carbetapentane also exhibit
relatively high affinities for o, sites (Tortella & Musacchio,
1986; Leander, 1989; Walker et al., 1990). Recently, we
demonstrated that carbetapentane’s anticonvulsant action is
at least partly mediated by o, receptor modulation in the KA
model (Kim et al., 2001c). Carbetapentane, like DM, might be
influenced by voltage-sensitive ion channels (Tortella ez al.,
1989). Therefore, a functional relationship may exist between
anticonvulsant activity and high-affinity DM-site binding/
voltage-sensitive ion channels in the brain.

A variety of calcium channel antagonists also compete for
the high-affinity DM (presumably o) site (Tortella et al.,
1989), raising the possibility of a relationship between DM and
the voltage-gated ion channel (Netzer et al., 1993; Kim et al.,
2001a). Recently, we demonstrated that DM (12.5mgkg™",
s.c.) attenuated the seizures induced in rats by KA (10 mgkg™!,
1.p.) plus an L-type calcium channel agonist of the dihydro-

pyridine class (BAY k-8644 (Brown er al., 1984), 2mgkg™",
s.c.) more effectively than did DX (Kim ez al., 2001a). We also
showed that DM or DF attenuated BAY k-8644-evoked
seizures in mice more strongly than did DX (Kim et al., 2001a;
Shin et al., 2004b). These results suggest that the antic-
onvulsant effects of the morphinans involve, in part, an L-type
calcium channel and that ¢, ligands may have particular
therapeutic utility in combating convulsions/neurotoxicity
induced via L-type calcium channel. Owing to the complex
pharmacology of o, ligands, however, their interaction with
the L-type calcium channel remains to be characterized
further, possibly by using more specific tools in the future.

In this study, we observed significant anticonvulsant effects
of DF and DM. In addition, CPP and circling behaviors were
induced by DM or DX. The action of DX was qualitatively
similar to that of PCP, in line with previous investigations
(Jhoo et al., 2000; Kim et al., 2001a; 2003b; Shin et al., 2004b).
Although the DM-induced behavioral changes appeared to be
less pronounced than those of its metabolite DX, psychotropic
effects were observed. To reduce PCP-like behavioral side
effects, while retaining the anticonvulsant effects, position 3 in
the morphinan ring system was substituted with a methyl
group to yield DF, which cannot be metabolized into DX
(Murakami et al., 1972; Kasé et al., 1976; 1da, 1997, Chou
et al., 1999). Significant circling behaviors were not observed
following treatment with DF. Moreover, the anticonvulsant
effect of DF was equipotent to that of DM, suggesting that
metabolism to DX is not a prerequisite for morphinan
anticonvulsant activity (Kim ez al., 2003a).

The localization of ['H]DM binding in the hippocampal
formation suggests that area CAl is one of the primary sites
for the anticonvulsant actions of DM (Tortella et al., 1989).
High-affinity KA-binding sites are preferentially located in the
stratum lucidum of area CA3, the commissural/associational
layer of the dentate gyrus and the pyramidal cell layer of area
CA3. This may lead to the secondary release of endogenous
glutamate in area CAIl, and NMDA-sensitive glutamate-
binding sites are predominantly located in the stratum
radiatum of CAl (Tortella et al., 1989). Although KA shows
a greater affinity for the KA receptors, some of its epileptic
effects may be mediated by activation of NMDA receptors, for
which it shows moderate affinity (Sperk, 1994). Thus, the
facilitative action of NMDA toward KA receptors might, in
part, play a role in seizure generation. We observed that both
DM and DF attenuate neuronal losses in the CA1l and CA3
regions following KA administration, suggesting that adminis-
tered DM or DF is an important attenuator of the
neuroexcitotoxicity induced by NMDA and KA in vivo,
although precise mechanisms remain to be elucidated.

Together, the results of this study suggest that both DM and
DF have prominent protective effects in response to KA-
induced seizures, while only DM has behavioral side effects.
DF represents a novel class of 4, ligands that are potential
candidates for the treatment of epilepsy (Chou et al., 1999;
Shin et al., 2004b). The precise mechanisms by which DF
attenuates seizures in various models remain to be determined.
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